In this study, the organic loading rate (OLR) of a high-solids anaerobic digestion (HSAD) system was increased from 3.4 to 5.0 gVS L À1 day À1 and reactor stability, performance and microbial community structure were determined. Laboratory simulations (3.5 L) of the full-scale process (500 dry ton year À1 ) were conducted using continuously stirred-tank mesophilic reactors. OLRs of 3.4 gVS L À1 day À1 (equal to the full-scale HSAD), 4.0, 4.5 and 5.0 gVS L À1 day À1 were evaluated. Biochemical parameters and archaeal community dynamics were measured over 42 days of steady state operation. Results showed that increasing OLR increased the amount of organic matter conversion and resulted in higher organic matter removal and volumetric methane (CH 4 ) production (VMP) rates. The highest volatile solids (VS) removal and VMP results of 54 6 2% and 1.4 6 0.1 L CH 4 L À1 day À1 were observed for 5.0 gVS L À1 day À1 . The efficiency of reactor conversion of organic matter to CH 4 was found to be similar in all the treatments with an average value of 0.57 6 0.07 LCH 4 gVS À1 removed . 16S rRNA gene terminal restriction fragment polymorphism (T-RFLP) analyses revealed that archaeal TRFs remained stable during the experiment accounting for an average relative abundance (RA) of 81 6 1%. Archaea consistent with multiple terminal restriction fragments (TRFs) included members of the Euryarchaeota and Crenarchaeota phyla, including acetoclastic and hydrogenotrophic groups. In conclusion, this laboratory-scale study suggests that performance and stability as well as the archaeal community structure in this HSAD system was unaffected by increasing the OLR by nearly 50% and that this increase resulted in a similar increase in the amount of CH 4 gas generated.
Introduction
Municipal sewage sludge (MSS) is a by-product of the physical, chemical and biological processes used during primary, secondary and tertiary treatment in wastewater plants. It has been estimated that nearly 77% of the total annual production of 8.2 million dry metric tons of sludge produced in 2010 in the US is beneficially used (US EPA, 1999) , via composting, land application or as landfill cover. Processing, utilization and disposal of MSS represents one of the most difficult and expensive operations conducted by municipalities in the USA. Anaerobic digestion (AD) technology is the oldest and the most cost-effective technique used for sewage sludge stabilization before its final disposal, transforming part of the organic material into biogas, a mixture of predominately CH 4 , carbon dioxide and trace gases. This technology has the potential to optimize wastewater treatment plant (WWTP) operations, while making renewable energy and reducing environmental impacts.
A full-scale AD plant was recently installed in the city of Akron, Ohio to treat an average of 5000 dry tons year À1 of dewatered MSS. This system is a high-solids anaerobic digestion (HSAD) system treating sewage sludge with solid content up to 16% dry solids, is the first of its kind in the USA. Currently, only one-third of the total MSS production is stabilized via AD, while the remainder is stabilized with composting. Expansion and sizing of future AD reactors to accommodate additional organics generated by the facility requires an improved understanding of the effects of OLR on reactor performance. The hypothesis of this study was that increasing the OLR in this full-scale, continuous, high solid MSS digestion process from 3.4 to 5.0 gVS L À 1 day À1 would not affect the biochemical or molecular properties related to stability and performance. To test this hypothesis, a laboratory simulation of the HSAD process was developed and a 42-day steady-state study was conducted to analyse the effects of four different OLR on biochemical and microbial properties of the system. The performance of the digesters were assessed by measuring the organic matter removal efficiency, biogas production rate, pH, ammonia nitrogen (AN), total volatile fatty acids (TVFA), alkalinity (ALK), individual volatile fatty acids and CH 4 yield. The effects of OLR on the archaeal microbial community structure were determined by PCR amplification of 16S rRNA genes with labeled archaeal primers and terminal restriction fragment polymorphism analyses. The overall objective of this study was to investigate how OLR affects the stability, process performance and archaeal consortia of a full-scale mesophilic HSAD treating MSS.
Materials and methods

Digester description
Six identical laboratory-scale continuous stirred-tank reactors (CSTR) were used ( Figure 1 ). The reactors consisted of a 4 L Pyrex Õ vertical cylinder. Continuous mixing and homogenization was achieved using a magnetic stirring bar. Reactors were operated in a semi-continuous mode (once a day feeding and wasting). Temperature was maintained at 36 6 18C by means of a thermostatic chamber. Each reactor had a 10 L Tedlar bag fitted to a separate port for biogas collection (Figure 1 ).
Inoculum and substrate used
Methanogenically active sludge was obtained from the effluent of the full-scale (3000 m 3 ) HSAD reactor in Akron, OH. The feed stock was MSS from the wastewater system at the Water Pollution Control Station (Akron, Ohio) after dewatering. The characteristics of the inoculum were: 9.05 6 0.04% of total solids (TS) and 64 6 0.4% VS. The pH was 8.44 6 0.01. The TVFA, ALKt at pH 4.4 and AN concentrations were 2845 6 134 mg kg À1 , 15 234 6 319 mg CaCO 3 -eq kg À1 , and 4494 6 141 mgNH 3 -N kg À1 , respectively. On the other hand, the feedstock had a TS content of 13.3 6 0.04% and 76 6 0.2% VS. The pH was 6.80 6 0.04 and the TVFA, ALKt and AN concentrations were of 5167 6 20 mg kg À1 , 1986 6 37 mg CaCO 3 -eq kg À1 and 1094 6 57 mgNH 3 -N kg À1 , respectively. Values were means 6 standard deviation of three replicates.
Experimental procedure
Feedstocks for the experiments were prepared by mixing the MSS with tap water to reach the desired solids content. All the reactors were inoculated with 3.5 L of seed sludge obtained from the full-scale system. Once inoculated, reactors were sealed to initiate the start-up phase. The start-up phase consisted of adapting the digesters biomass to the operational conditions of the laboratory-scale reactors and to an initial feed rate of 3.4 gVS L À1 day À1 . The initial feed rate was imposed on all the digesters for a 1-week period, to assure that reactor operation was consistent before initiating the study. After proper function of the reactors was 1, digester reactor (3.5 L working volume); 2, feeding port; 3, valve; 4, Tedlar bag for biogas collection; 5, effluent extraction port; 6, magnetic stirring bar; 7, stirring plate.
confirmed, feeding at the test OLRs was initiated. A 1-week adaptation period for the experimental OLRs was used and a third 1-week period was needed to reach steady-state conditions. The experiment was then started on (day zero) and continued for a period of 42 days.
To assess the effects on reactor stability and performance produced by an increase in OLR, four different treatments were evaluated, one of which was replicated (treatment 1) to assess variability. The first treatment (T1) had an OLR of 3.4 gVS L À1 day À1 equal to the current full-scale OLR. Treatments 2, 3 and 4 (T2, T3 andT4) had OLRs of 4.0, 4.5 and 5.0 gVS L À1 day À1 , respectively.
Biogas production, CH 4 content and pH were measured daily and TS, VS, total carbon (TC), AN, ALKt and organic acids were measured weekly. TS, pH, VS, AN and ALKt analyses were carried out according to Standard Methods of APHA (1998) and the US Composting council (Thompson et al., 2002) . TC was determined using a CHN analyzer by the OSU/OARDC soil testing and research laboratory (Wooster, OH). The CH 4 content of the biogas was determined using a gas chromatograph (GC) HP 6890 series equipped with a ValcoPlot VP-Alumina (Valco Instruments) column and a thermal conductivity detector (TCD) operated isothermally at 408C with helium as the carrier gas at a flow rate of 20 ml min À1 . Individual VFAs were measured using a GC HP 5890 series equipped with a Stabilwax Õ -DA fused silica column and a flame ionization detector operated at 508C with a maximum oven temperature of 2508C, the carrier gas was helium on a split mode.
Archaeal community structure
Archaeal microbial community structure dynamics and putative micro-organisms were determined using terminal restriction fragment length polymorphism (T-RFLP) analysis. Total genomic DNA was extracted from all reactors during weeks 1, 4 and 6 using a PowerSoil TM DNA Isolation kit according to the manufacturer's protocol. The PCR amplification of 16S rRNA was performed in duplicate for each sample with the archaeal primer set Ar109f (5 9 -ACK GCT CAG TAA CAC GT-3 9 ) (Grosskopf et al., 1998) and 6carboxyfluorescein (FAM) labeled Ar912rt (5 9 -GTG CTC CCC CGC CAA TTC CTT TA-3 9 ) (Lueders and Friedrich, 2000) . The PCR mixture contained in a total volume of 100 mL, 10 mL of 103 /15 mmol L À1 MgCl 2 , 4mL of 25 mmol L À1 MgCl 2 , 2 mL of 10 mmol L À1 deoxynucleoside triphosphates (dNTPs), 1 mL of 20 mg mL À1 of bovine serum albumin (BSA), 2 mL of 25 mmol L À1 for each DNA primer, DNA extract, 1 mL of 5U mL À1 Taq DNA polymerase HotStarTaqR Õ and nuclease-free water to complete the volume. Amplification was performed in a T-gradient Biometra thermocycler, the profile consisted of an initial activation step of 5 min at 958C, followed by 30 cycles of denaturation at 958C for 30 s, annealing at 528C for 45 s, and extension at 728C for 1 min and a final extension at 728C for 10 min.
Duplicated PCR amplicons from reaction mixtures were pooled and purified with the Wizard Õ SV Gel and PCR Clean-Up System. Fluorescently labelled PCR products were used for separate endonuclease restriction with three different cutting enzymes, TaqI (10 U mL À1 , PROMEGA), AluI (10 U mL À1 , New England BioLabs) and BfaI (5 U mL À1 , New England BioLabs), isoschizomer of MaeI. TaqI restriction digestion was performed in reactions containing 1 unit of enzyme, 10 3 buffer E and acetylated BSA (10 mg mL À1 ); samples were incubated at 658C for 1 h. AluI digestion protocol contained 1 unit of enzyme, 13 NEBuffer 4 and 10 mg mL À1 BSA; samples were incubated at 378C for 1 h, followed by heat enzyme inactivation of 20 min at 658C. BfaI digestion reaction was the same as described for AluI, in contrast, samples were incubated at 378C for 1 h, followed by heat enzyme inactivation of 20 min at 808C. All reactions were performed in 50 mL volumes, containing approximately 500 ng of genomic DNA, volumes were also completed with nuclease-free water.
Digested products were purified with the kit mentioned above, samples were then sent to the Research Technology Support Facility of Michigan State University. Samples were mixed with 100 mmol L À1 ROX standard size (BioVentures Inc.). TRFs were sized using an ABI PRISM Õ 3130 capillary genetic analyser. Electropherogram output was quantified with Perkin Elmer's ABI GeneScan Analysis System, data consisted of TRF peak size (length) in base pairs (bp), area and height. Only peaks greater than 50 fluorescence units were considered as operational taxonomic units.
Data analysis
Variability of this experiment was assessed using the experimental data obtained from the three independent replicates of T1 during the 6-week study. Two-way analysis of variance (ANOVA) was conducted for pH, acetic acid (Hac), propionic acid (HPr), TVFA, ALKt and AN concentrations for reactor stability whereas the variable TS, VS and TC removals were analysed for reactor performance. The sources of variation were reactors and weeks. The statistical analyses were performed with Minitab statistical program version 15.
Archaeal community structure dynamics were studied by means of peak area and RA, calculated as the ratio of the normalized peak area of each TRF over the total peak areas of all TRFs as presented by Padmasiri et al. (2007) . Experimental data for peak area was also used to analyse similarities among treatments over time by hierarchical clustering with an agglomerative algorithm. The community relatedness dendrogram of hierarchical clustering was performed with Minitab.
Putative micro-organisms corresponding to specific TRF sizes matching the three T-RFLP profiles as well as common micro-organisms among treatments were compared with an in silico collection of 16s rRNA sequences. The 16s rRNAbased TRFs used for the in silico analysis were obtained from the Microbial Community Analysis (MiCA, http:// mica.ibest.uidaho.edu/) database of the University of Idaho in September 2009 (Shyu et al, 2007) , an allowance of 6 3 bp was used for TRFs assignments.
Results
Performance data (Table 1) , revealed that the average TS removal across treatments achieved during the 6-week experiment was 31.1 6 0.1%. In addition, TS removal rates observed in T1 were substantially different from T3 and T4. On the other hand, the average rate of T4 was substantially greater than T1, T2 and T3 rates, being 28, 23 and 14% greater, respectively. An average increase of 11 6 4% in removal rates with increased OLR rate was observed during this study. Similarly, VS removal remained stable across treatments during the experiments and the average removal was 52.02 6 0.02%. Moreover, substantial differences in VS removal rates were observed across treatments. The averages of the 6-week determinations per treatment were 1.80 6 0.05, 2.02 6 0.05, 2.31 6 0.07 and 2.66 6 0.02 g L À1 day À1 for T1, T2, T3 and T4, respectively. An average increase in removal rates of 12 6 1% was observed with the linear increases in the OLR. These results were also confirmed by stable TC removal values, the average removal during the 6-week experiment across treatments was 50 6 2%. TC removal rates were also found to increase proportional with an increase in substrate concentrations. Performance data related with gas production are shown in Table 1 . The average CH 4 content across treatments was 62 6 1%. Finally, the efficiency of reactor conversion of organic matter to methane was found to be similar in all the treatments with an average value of 0.57 6 0.07 L CH 4 gVS À1 removed . The pH in the reactors was stable during the experiment. The lowest pH value (7.6) was measured in T4 during week 3. The average pH value across treatments during the 6-week experiment was of 7.8 6 0.1. VFA concentrations, although varying slightly, also remained relatively stable during the experimental period. Concentrations of acetic acid (HAc) during the first week of experiment ranged between 1381 and 1468 mg kg À1 across treatments. Moreover, a noticeable variation in HAc concentration was observed during week 6, with increases that reached final values of 2043, 1900, 1894 and 1847 mg kg À1 for T1, T2, T3 and T4, respectively. The average propionic acid (HPr) concentration across treatments during the 6-week experiment was of 439 6 95 mg kg À1 . Isobutyric, butyric, Isovaleric and valeric acid concentrations were below the detection limit of 50 mg kg À1 during experimental period for the studied OLR. The average concentration of TVFAs during the 6-week experiment across treatments was 1981 6 234 mg kg À1 . The average ALKt concentration during the 6-week experiment across treatments was 13950 6 693 mg CaCO 3 -eq kg À1 . Differences in the average of 6 weeks TVFA/ALKt ratios (an indicator of reactor stability) were not substantial. The average ratio during the 6-week experiment across treatments was 0.14 6 0.02. AN concentrations remained in a range between 3058 and 4134 mg NH 3 -N kg À1 during this study. The average concentration of AN during the 6-week experiment across treatments was 36056310 mg NH 3 -N kg À1 .
During the experiment, the archaeal TRFs derived from the three endonucleases used for molecular analysis, showed that the predominant TRFs remained stable accounting for an average relative abundance (RA) of 81 6 1%. The TRFs with the greatest abundance using TaqI, AluI and BfaI respectively had sizes of 185, 166 and 104 bp, respectively. Archaea consistent with combinations of the three sets of TRFs included members of both the Euryarchaeota and Crenarchaeota phyla (Table 2) , including acetoclastic metabolic groups which utilize acetate to produce CH 4 and hydrogenotrophs, which utilize hydrogen as an electron acceptor to produce CH 4 . Orders of Euryarchaeota consistent with the TRFs were Methanomicrobiales, Methanosarcinales and Methanobacteriales. The TRF combination that was consistent with the Crenarchaeota phylum, belonged to an uncultured Crenarchaeote. Finally, the composite profiles for TRFs RA abundance were used to assess similarity between the six reactors with experimental data obtained during the three sampling times (week 1, 4 and 6). The resulting dendrogram revealed 97% similarity across treatments.
The mean pH values among reactors and weeks were compared by a two-way ANOVA. There were no significant differences among reactors for pH values (F ¼ 1; P > 0.05; df ¼ 2). On the other hand, highly significant differences were found among pH values during each of the 6-week experiments (F ¼ 37; P < 0.001; df ¼ 5). The analysis of TVFA concentrations mean values among reactors and weeks indicated that there were no significant differences among reactors for TVFA values (F ¼ 2.56; P > 0.05; df ¼ 2). On the other hand, significant differences were found among TVFA values during the experimental period (F ¼ 9.40; P ¼ 0.002; df ¼ 5). The analysis of ALKt concentrations mean values among reactors and weeks indicated that there were no significant differences among reactors for ALKt values (F ¼ 0.38; P > 0.05; df ¼ 2). In addition, no significant differences were found among ALKt values during the experimental period (F ¼ 1.18; P > 0.05; df ¼ 5). The analysis of AN concentrations mean values among reactors and weeks indicated that there were no significant differences among reactors for AN values (F ¼ 0.78; P > 0.05; df ¼ 2). In addition, no significant differences were found among FA values during the experimental period (F ¼ 1.39; P > 0.05; df ¼ 5). Related with performance, analysis of the variation on VS removal mean values among reactors and weeks indicated that there were no significant differences among reactors for VS values (F ¼ 0.59; P > 0.05; df ¼ 2). On the other hand, significant differences were found among VS values during the experimental period (F ¼ 9.64; P ¼ 0.001; df ¼ 5). Analysis of the means (95% confidence intervals) indicated that results from week 6 were significantly different from the other 5 weeks. In addition, weeks 1, 2 and 3 were significantly different from weeks 4 and 6.
Discussion
One of the main indicators of AD reactor stability is pH. The pH remained stable during this study with values ranging between 7.6 and 8.0. These are within the optimal range for high solids anaerobic mixed digesters (Speece, 1996) . Increases in the OLR by 50% up to 5.0 gVS L À1 day À1 did not result in a decrease in pH. One of the main factors contributing to reductions in pH is the conversion of soluble organic components to organic acids. If these accumulate they can negatively affect reactor stability since acid consumers (methanogens) are more sensitive to pH decreases. Although slight fluctuations were observed for the two measurable organic acids (HAc and HPr), the weekly average values indicated that concentrations remained stable across treatments during this study. Similar results indicating HAc and HPr acids to be the most prominent during AD of wastewater sludges have been reported. TVFA concentrations at different hydraulic retention times were analysed by de la Bank et al. (1996) ; Fricke et al. (2006) ; Miller and Wolin (1985) . c Demirel and Scherer (2008) . *Not found or still unclear. Rubia et al. (2006a) and found to increase from 5435 to 6655 mg HAc L À1 when the HRT on thermophilic AD of pre-thickened primary and secondary sludges decreased. In the present study, it was observed that even if TVFA concentrations increased slightly, pH was not considerably affected. Moreover, drastic changes in pH are usually observed when system's buffering capacity is insufficient. The experimental data obtained during this laboratoryscale experiment, indicates that a total ALKt of 13 950 6 693 mg CaCO 3 -eq kg À1 was sufficient to prevent a pH decline to 7.0. The TVFA to ALKt ratio has also been used as a rapid indicator of process imbalance. Ratios below 0.4 are typical of a digestion process without acidification risk. The high buffering capacity and relatively stable concentrations of TVFA observed in this experiment contributed to maintain optimal conditions for digestion process with increased OLRs. Measured AN concentrations were not affected by increasing the OLR and remained within ranges for optimal reactor performance. Koster and Lettinga (1988) observed that when ammonia concentrations ranged from 4051 and 5734 mg NH 3 -N L À1 , methanogenic populations lost 57% of their activity during digestion of potato processing wastewaters.
The VS removal (%) in the four different OLR used in this study were found to be similar with no considerable differences in the 6-week averaged values. The average removal achieved across treatments was 52 6 1%. VS removal rates were observed to increase linearly with increasing OLRs. Experimental data obtained during this study, showed improvements of 11, 13 and 12% when the OLR was increased from 3.4 to 4.0, 4.0 to 4.5 and 4.5 to 5.0 gVS L À1 day À1 , respectively. The biodegradability of an organic substrate is generally measured as the percentage of VS destruction in the system. Typical reported values for VS removals are shown in Table 3 . The proportional removal of organic matter with increasing OLR was also reflected in terms of volumetric biogas production. The cumulative biogas production measured during the experimental period was substantially different for the different treatments. The highest cumulative biogas production was observed in T4 (316 L), which corresponds to an average daily production of 7.5 L of biogas. Experimental data on volumetric methane production and organic material removal were used to assess system efficiency. Typical values for CH 4 yield are showed in Table 3 . The CH 4 yields observed during this study were not considerably different for the four treatments. These results suggest that improvements in performance as a result of increasing the OLR can be achieved during HSAD of MSS. It can be concluded that increasing reactor feed rate by nearly 50% will not affect the efficiency of digester organic matter removal and that it will increase the volumetric methane production.
The average CH 4 content measured during the experimental period was 62 6 1% and no substantial differences were observed for the different treatments or over time. The values observed during this experiment are in the same range as those reported for stable digesters treating similar substrates (Rulkens, 2007) .
The T-RFLP profiling of the archaeal assemblages during the digestion process suggested that there was an inherent stability within these populations in the reactors treating MSS at different organic feeding concentrations. For all three restriction enzymes, there was agreement in the general patterns of archaeal community structure dynamics. The patterns of archaeal TRFs derived from the three endonucleases used for molecular analysis over time, showed that predominant TRFs remained stable with an average relative abundance of 81 6 1.4%. Identification of putative archaeons consistent with the combinations of TRFs observed were members of both the Euryarchaeota and Crenarchaeota phyla ( Table 2 ). These archaea have been widely reported for this biological process, in which community dynamics Substrates included WAS (waste-activated sludge), PS þ TWAS (primary sludge and thickened WAS) and MSS (municipal sludge).
References are: a, Gossett and Belser (1982) during anaerobic digestion of different substrates with different operational conditions, environmental parameters and reactor configuration have also been studied (Demirel and Scherer, 2008; Karakashev et al., 2005; Kobayashi et al., 2008; Yu et al., 2005) .
Conclusion
In this study, the effects of increasing the OLR to a continuous HSAD were studied. Increasing the OLR resulted in increases in the organic matter removal and volumetric CH 4 production rates. Increasing the OLR by 50% increased the average volatile solids removal and volumetric methane production by 54 6 2% and 1.4 6 0.1 L CH 4 L À1 day À1 , respectively. Moreover, the efficiency of organic matter conversion to CH 4 was not affected by the increase in loading rate and averaged 0.57 6 0.07 L CH 4 gVS À1 removed . The T-RFLP analysis revealed that archaeal microbial community structure was dominated by three different TRFs that comprised more than 80% of the amplified DNA. The archael community remained stable when OLR was increased by up to 50%.
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